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The  research  reported  in  this  document  has  been  made  possible 
through  the  support  and  sponsorship  of  U.S.  Government  through  its 
U.S.  Army  research  and  Standardization  Group  (Europe).  This  report 
is  intended  only  for  the  internal  management  use  of  the  contractor 
and  the  U.S.  Government. 


During  the  past  twelve  months,  the  work  sponsored  under  this 
contract  has  centered  on  the  molecular  beam  epitaxial  growth  of 
InSb/CdTe  heterojunctions  and  multilayer  structures,  and  on 
(Zn,Cd)Te/CdTe  strained  layer  superlattices.  In  both  these  systems 
the  work  at  the  Night  Vision  Laboratory  under  this  contract  has  been 
recognized  as  one  of  the  major  innovators  in  this  field  of  research. 
We  have  been  the  first  to  demonstrate  the  molecular  beam  epitaxial 
growth  of  InSb/CdTe  superlattices  at  temperatures  necessary  for 
the  growth  of  electrical  active  InSb.  An  indication  of  the  progress  in 
this  III-V/II-VI  mixed  system  is  the  first  observation  of  the 
quantum  hall  effect  (QHE)  in  the  InSb/CdTe  heterojunction,  by  Simon 
Greene  at  the  Cavendish  Laboratory.  As  a  result  of  the 
demonstration  of  a  2DEG  and  the  ability  to  grow  InSb/CdTe 
superlattices,  the  realization  of  infrared  lasers  and  detectors  in  the  3- 
5p.m  region  has  been  significantly  enhanced.  We  have  reported 
the  growth  of  a  novel  semiconducting  material  In2Te3.  Work  on  the 

II-VI  material  compounds  has  centered  on  the  growth  of 
(Zn,Cd)Te/CdTe  strained  layer  superlattices  that  have  the  layer 
thickness  ratios  and  Zn  composition  tailored  to  allow  the  in-plane 
lattice  parameter  match  that  of  Hgo.8Cdo.2Te. 
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We  have  shown  that  significant  improvements  in  interfacial 
quality  of  the  InSb/CdTe  heterojunction  can  be  obtained  by  the 
proper  choice  of  fluxes  during  growth.  The  use  of  a  Cd/Te  flux  ratio 
of  3:1  (/  cJJ  Te=3)  during  the  growth  of  CdTe  has  enabled  epitaxy  at 
a  substrate  temperature  of  300°C.  Interfaces  formed  with  this  flux 
ratio  are  abrupt,  in  sharp  contrast  to  those  formed  under 
stoichiometric  flux  conditions  ( J  CJJ  Te=l).  Subsequent  growth  of 
InSb  at  a  substrate  temperature  of  300°C  on  thin  CdTe  epilayers  (400 
and  800  A)  has  been  examined  as  a  function  of  the  InSb  growth  rate 
and  Sb/In  flux  ratio.  The  quality  of  the  interfaces  shows  a 
progressive  improvement  with  increasing  InSb  growth  rate.  The  Cd 
enhanced  flux  during  the  growth  of  the  CdTe  layers  has  enabled 
epitaxy  of  InSb/CdTe  superlattices.  The  superlattices  have  been 
grown  with  a  range  of  period  thicknesses  from  200A  to  1800A  and 
the  resulting  structures  have  been  characterized  by  cross- 
sectional  TEM  and  X-ray  diffraction.  Dynamical  X-ray  diffraction 
theory  has  been  applied  to  the  structures  and  has  been  compared 
with  the  experimental  spectra.  We  have  shown  that  excellent 
structural  properties  can  be  obtained  for  period  thicknesses  greater 
than  450A. 
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In  the  course  of  our  studies  into  the  molecular  beam  epitaxial 
growth  of  InSb/CdTe  multilayers  and  superlattices,  we  found  that 
there  was  a  strong  chemical  reaction  at  the  InSb/CdTe  interface 
during  growth  at  substrate  temperatures  compatible  with  the 
growth  of  high  structural  and  electronic  quality  of  both  InSb  and 
CdTe  (275-300  °C).  Recent  studies  of  samples  grown  at  the  Night 
Vision  Laboratory  by  Raman  spectroscopy  conducted  by  Dietz  Zahn  at 
Aachen,  Germany  of  the  heterojunction  formed  from  the  growth  of 
CdTe  on  InSb  under  stoichiometric  flux  conditions  and  growth 
temperatures  of  200-300°C  revealed  that  the  InSb  and  CdTe  react  to 
form  a  complex  interface  identified  to  consist  predominantly  of 
ln2Te3  and  elemental  Sb.  ln2Te3  is  a  defect  zinc  blende  type 

semiconductor  with  a  bandgap  of  approximately  1  eV,  lying  between 
that  of  InSb  (Eg-0.18eV)  and  CdTe  (Eg-1.44eV).  Thermodynamic 
considerations  of  the  stability  of  ln2Te3  with  respect  to  InSb  and 
CdTe  led  us  to  examine  the  possibility  of  MBE  growth  of  ln2Te3  for 
use  as  a  barrier  between  the  CdTe  and  InSb  to  facilitate  fabrication 
of  InSb/CdTe  multilayers,  and  the  interesting  possibility  of 
exploiting  the  large  difference  in  badgaps  between  InSb  and  ln2Te3 
to  grow  lnSb/ln2Te3  multilayers  for  novel  quantum  well  structures. 
In  addition  the  unique  structure  of  ln2Te3,  with  1/3  of  the  In 
sublattice  sites  vacant,  is  of  fundamental  interest  for  molecular 
beam  epitaxial  growth  dynamics.  We  have  shown  that  thin  film 
(500A-7000A)  single  crystal  ln2Te3  can  be  grown  successfully  on 


InSb(IOO)  homoepitaxial  layers  at  substrate  temperatures  of  300  - 
350°C  and  Te/ln  flux  ratios  of  3/2  -  5/2.  Epitaxy  was  monitored  by 
reflection  high  energy  electron  diffraction  and  the  stoichiometry  of 
the  grown  layers  assessed  by  Auger  spectroscopy  and  energy 
dispersive  X-ray  analysis.  Raman  studies  of  the  layers  have  been 
conducted  and  compared  with  a  bulk  ln2Te3  standard.  The  crystal 

structure  has  been  determined  by  X-ray  diffraction  using 
Weissenburg  and  oscillation  photographs,  confirming  that  the  layers 
have  a  f.c.c.  crystal  structure  with  a  lattice  parameter  of  18.50A,  in 
excellent  agreement  with  the  bulk  value.  Bandgap  measurements 
have  been  performed  on  the  layers  by  photoreflectance.  Molecular 
beam  epitaxial  growth  of  InSb  and  CdTe  on  epitaxial  ln2Te3  films 
for  fabrication  of  lnSb/ln2Te3/lnSb  and  InSb /  ln2Te3/CdTe 

multilayers  has  been  studied.  Auger  depth  profiling  of  the  resulting 
layers  shows  severe  intermixing  into  the  ln2Te3. 
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The  need  for  a  suitable  low  defect  density,  lattice  matched 
substrate  or  substrate/buffer  combination  for  the  molecular  beam 
epitaxial  growth  of  thin  film  (Hg.Cd)Te  led  us  to  examine  the  use  of 
(Zn,Cd)Te/CdTe  strained  layer  superlattices.  (Zn,Cd)Te/CdTe 
strained  layer  superlattices  have  been  grown  by  molecular  beam 
epitaxy  on  CdTe(IOO),  InSb(IOO)  and  GaAs(IOO)  substrates  and 
substrate/buffer  combinations  with  period  thicknesses  ranging 


from  90A  to  330A  and  with  total  superlattice  thicknesses  of 
0.8|xm  and  The  ratio  in  thickness  between  the  (Zn,Cd)Te  and 

CdTe  strained  layers  has  been  tailored  to  allow  the  in  plane  lattice 
parameter  of  the  free  standing  superlattice  match  the  lattice 
parameter  of  Hg0.sCd0.2Te.  The  resulting  structures  have  been 
characterized  by  X-ray  diffraction  techniques.  Multiple  satellite 
peaks  have  been  observed  indicating  that  these  superlattices  can  be 
grown  with  a  high  structural  quality.  The  structural  quality  has  been 
found  to  be  independent  of  the  superlattice  period  but  dependent  on 
the  originating  substrate. 
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We  have  used  the  technique  of  molecular-beam  epitaxy  to  grow  layers  of  CdTe  on  InSb  and 
InSb  on  CdTe  and  have  performed  a  detailed  analysis  of  the  layers  and  their  interfaces  using 
Auger  depth  profiling  and  reflection  high-energy  electron  diffraction.  We  show  that  significant 
improvements  in  interfacial  quality  can  be  obtained  by  the  proper  choice  of  fluxes  during 
growth.  The  use  of  a  Cd/Te  flux  ratio  of  3:1  (JCd/J  Tc  =  3)  during  the  growth  of  CdTe  has 
enabled  epitaxy  at  a  substrate  temperature  of  300  ‘C.  Interfaces  formed  with  this  flux  ratio  are 
abrupt,  in  sharp  contrast  to  those  formed  under  stoichiometric  flux  conditions  (JCd  /JTc  =  1 ). 
Subsequent  growth  of  InSb  at  a  substrate  temperature  of  300  *C  on  thin  CdTe  epilayers  (400 
and  800  A)  is  examined  as  a  function  of  the  InSb  growth  rate  and  Sb/In  flux  ratio.  Quality  of 
the  interfaces  shows  a  progressive  improvement  with  increasing  InSb  growth  rate. 


I.  INTRODUCTION 

There  is  at  present  considerable  interest  in  the  InSb/ 
CdTe  material  system.  The  mixed  III-V/II-VI  heterostruc¬ 
ture  has  a  near  perfect  lattice  match  ( La/ a  <0.05%), 
which,  combined  with  the  large  difference  in  band  gaps 
between  CdTe  (£„  =  1.44  eV)  and  InSb  (£„  =  0.18  eV), 
offers  great  potential  for  the  fabrication  of  quantum-well  la¬ 
sers  and  detectors  spanning  the  photon  energy  range  0.2-0.5 
eV  (2.5-6/im).Thesmall  effective  mass  of electrons  in  InSb 
promises  fow-temperature  HEMT  structures  with  excep¬ 
tionally  high  electron  mobilities'  and  should  allow  quantiza¬ 
tion  effects  to  be  seen  in  significantly  wider  wells  than  with 
the  more  familiar  material  systems. 

Attempts  at  experimental  realization  of  multilayer 
structures  have  met  with  only  limited  success.  Although 
good  structural  properties  have  been  reported  for  CdTe  lay¬ 
ers  grown  by  molecular-beam  epitaxy  ( MBE)  on  InSb  sub¬ 
strates’"’  and  homoepitaxial  layers4  and  for  InSb  layers 
grown  by  MBE  on  ( 100)  oriented  CdTe  substrates/  recent 
studies6  "  of  the  growth  of  CdTe  on  InSb  under  typical  MBE 
growth  conditions  have  shown  that  the  interfaces  are  com¬ 
plex  due  to  a  chemical  reaction  between  InSb  and  CdTe.  A 
study  of  the  growth  of  InSb/CdTe  multilayers  has  been  re¬ 
ported,7  where  reflection  high-energy  electron  diffraction 
(RHEED)  patterns  indicated  that  individual  layers  grown 
at  a  substrate  temperature  of  220-240  *C  were  ordered.  Al¬ 
though  structurally  good  InSb  epilayers  have  been  reported5 
for  substrate  temperatures  in  the  range  225-275  *C,  electri¬ 
cally  active  layers  have  only  been  reported5  for  substrate 
temperatures  in  excess  of  270  °C.  To  be  useful  for  electronic 
device  applications  which  involve  tunneling,  the  thickness  of 
individual  layers  of  a  multilayer  device  must  be  limited  to 
several  hundred  angstroms.  To  facilitate  growth,  a  substrate 
temperature  must  be  found  which  results  in  high  structural 
and  electronic  quality  of  both  CdTe  and  InSb. 

In  this  paper,  we  present  results  of  a  study  of  the  MBE 

J’  Permanent  address:  Cavendish  Laboratory.  University  of  Cambridge. 

Cambridge.  England. 


growth  of  CdTe  on  InSb  homoepitaxial  layers,  and  of  InSb 
on  CdTe  epilayers  for  potential  applications  in  two-dimen¬ 
sional  electron  gas  ( 2DEG)  and  electron  tunneling  devices. 
Auger  depth  profiling  has  been  used  to  examine  the  layers 
and  their  interfaces.  We  show  that  significant  improvements 
in  interfacial  quality  can  be  obtained  by  the  proper  choice  of 
fluxes  during  growth.  CdTe  layers  have  been  grown  on  InSb 
for  substrate  temperatures  of  200  and  300  "C  under  stoichio¬ 
metric  =  1)  and Cd-enhanced  (J^/Ju  =  3)  flux 

conditions.  The  use  of  an  enhanced  Cd  flux  has  enabled  epi¬ 
taxy  of  CdTe  on  InSb  at  300  *C.  a  temperature  which  is  com¬ 
patible  with  the  subsequent  growth  of  electrically  active 
InSb.  Growth  of  InSb  epilayers  on  thin  layers  (400  and  800 
A )  of  CdTe  at  a  substrate  temperature  of  300  °C  is  examined 
as  a  function  of  InSb  growth  rate  and  Sb/In  flux  ratio.  Inter¬ 
faces  are  intermixed,  but  show  a  progressive  improvement 
with  increasing  InSb  growth  rates. 

II.  EXPERIMENT 

CdTe  and  InSb  epitaxial  layers  were  grown  in  a  Varian 
3b0  MBE  system  equipped  with  a  quadrupole  mass  analyzer 
and  in  situ  RHEED  and  flux  monitoring  facilities.  Base  pres¬ 
sure  during  growth  was  below  5x10  "’  Torr.  Prior  to  load¬ 
ing,  InSb  (100)  substrates  were  solvent  cleaned  and  mount¬ 
ed  onto  molybdenum  support  blocks  using  a  colloidal 
suspension  of  graphite  in  alcohol.  Immediately  before 
growth  the  native  oxide  was  removed  from  substrate  sur¬ 
faces  by  heating  at  410  *C  in  an  Sb4  flux.  A  single  effusion  cell 
containing  high-purity  CdTe  was  used  to  provide  a  stoichio¬ 
metric  beam  of  Cd  and  Te.  (Ref.  2)  and  was  supplemented 
by  a  cell  containing  Cd  for  Cd-enhanced  {JCd /JTt  >  1 )  stud¬ 
ies.  A  relative  measure  of  the  flux  from  a  given  cell  was  ob¬ 
tained  by  interposing  an  ion  gauge  flux  monitor  into  the  mo¬ 
lecular  beam  and  relating  the  measured  beam  equivalent 
pressure  to  the  cell  temperature,  molecular  weight,  and  ioni¬ 
zation  efficiency  of  the  beam  species.  Normal  settings  for  the 
CdTe  cell  gave  a  total  flux  of  2.4  x  1014  atoms/cm;/s  which 
corresponded  to  a  homoepitaxial  growth  rate  at  T.  =  220  "C 
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of  approximately  1.7  A/s  (0.6/xm/h ) .  The  Cd  cell  was  set  to 
supply  its  maximum  safe  flux  of  2.6  X  10 14  atoms/cmVs  giv¬ 
ing  a  flux  ratio  value  JCi/JT<  —  3  during  the  Cd -enhanced 
growth  experiments.  Separate  effusion  cells  containing  high- 
purity  In  and  Sb  were  used  for  growth  of  InSb.  All  InSb 
homoepitaxial  and  heteroepitaxial  layers  were  grown  at  T, 
—  300  *C  with  growth  rates  in  the  range  0.3-2.0  A/s  (0. 1- 
0.7  fim/h).  Practical  considerations  related  to  the  In  cell 
temperature  prevented  growth  of  InSb  with  rates  in  excess  of 
0.7  /sm/h.  /«,//,„  was  kept  in  the  range  1. 1—3.5  to  keep 
within  the  (2x2)  Sb-stabilized  surface  reconstruction9  as 
indicated  by  RHEED. 

Immediately  following  growth,  each  sample  was  trans¬ 
ferred  in  air  to  a  Physical  Electronics  560  scanning  Auger 
microscope  configured  with  a  double  pass  cylindrical-mir¬ 
ror  analyzer  and  a  differentially  pumped  and  gettered  argon 
ion  gun.  Depth  profiles  of  the  constituent  species,  as  well  as 
of  carbon  and  oxygen,  were  obtained  by  alternate  sputtering 
and  data  acquisition  periods  of  30  and  80  s,  respectively.  No 
carbon  or  oxygen  recontamination  was  seen  within  the  lay- 
ers  during  the  profile.  To  reduce  artificial  broadening  of  the 
growth  interface,  the  sputter  beam  of  4-kV  argon  ions  was 
incident  at  40*  from  the  sample  surface  normal  with  the  sput¬ 
ter  rate  reduced  to  20-30  A/min  by  expanding  to  a  6  X  6  mm 
raster.  The  growths  and  sputter  depths  were  limited  to  a  few 
thin  compositional  periods  to  reduce  roughness  due  to  pref¬ 
erential  ion  etching  of  ( 100)  InSb  as  observed  in  electron 
micrographs.  The  electron  beam  was  used  in  spot  mode  and 
incident  on  the  surface  at  40*  from  the  surface  normal.  An 
electron  energy  of  3  kV  was  used  with  a  moderate  and  con¬ 
stant  current  of  0. 16/z  A.  Auger  peaks  overlapping  the  MNN 
transitions  were  minimized  by  collecting  high  energy  resolu¬ 
tion,  AE /E  -  0.4%,  pulse  count  data  from  selectively  con¬ 
tracted  energy  “windows.” 

The  Auger  analysis  was  calibrated  in  the  usual  manner. 
The  analyzer  energy  scale  was  referenced  to  the  known  ener¬ 
gy,  2  keV,  of  electrons  backscattered  from  a  sample  surface 
while  at  its  focal  point,  and  the  beam  current  was  measured 
from  the  sample  stage  while  biased  to  4-  1 30  V.  The  current 
density  of  the  argon  beam  was  600 /u  A/cm :  with  FWHM  of 
550  /tm  and  the  sputter  rates  were  referenced  to  thin-film 
standards  and  to  bulk  ( 1 10)  CdTe.  These  agree  well  with 
our  known  MBE  growth  rates.  Finally,  Auger  signal 
strengr'  from  bulk  ( 100)  InSb  and  (III)  CdTe  were  used 
to  judge  stoichiometric  conditions  within  the  MBE  layers. 


III.  RESULTS 

Auger  depth  profiles  of  300-s  growths  of  CdTe  under 
stoichiometric  beam  conditions  (/tll  //fv.  =  1 )  on  1000- A 
InSb  homoepitaxial  layers  at  substrate  temperatures  T \ 
=  200  and  300  *C  are  shown  in  Fig.  1.  For  growth  at  T, 
—  200  ‘C,  the  (2 x  2)  InSb  RHEED  pattern  converted  to  a 
streaked  (2x1)  CdTe  pattern  immediately  after  CdTe 
growth  was  initiated.  The  epilayer  is  stoichiometric  with  a 
thickness  of  approximately  500  A  which  corresponds  closely 
to  that  calculated  from  flux  measurements.  Width  of  the 
interface  is  estimated  to  be  1 20-180  A,  a  value  which  is  near 
the  Auger  resolution  limit.  For  growth  at  T ,  =  300  ”C.  the 


FIG.  I  Auger  depth  profiles  of  300-s  growths  ofCdTeon  InSb  homoepilax- 
'*1  layers  with  JCJ  //T,  m  I  for  substrate  temperatures  of  (a)  200  and  ( b) 
300  *C. 


(2x2)  InSb  RHEED  pattern  vanished  immediately  after 
CdTe  growth  was  initiated,  indicating  a  disordered  growth. 
The  resulting  layer  is  deficient  in  Cd  and  rich  in  In  and  Te. 
Layer  thickness  is  estimated  to  be  ISO  A.  These  results  are 
similar  to  those  recently  reported  by  Mackey  et  at  *  where 
indium  telluride  compounds  were  identified  at  the  InSb/ 
CdTe  interface.  It  has  been  suggested  that  the  lack  of  Cd 
incorporation  in  layers  grown  at  300  *C  may  be  attributed  to 
a  Cd  deficiency  on  the  growth  surface,  thereby  allowing  Te 
to  react  with  the  InSb.  To  overcome  this  Cd  deficiency  we 
grew  layers  of  CdTe  on  InSb  using  an  enhanced  Cd  flux.  For 
r,  =  300  *C,  the  additional  Cd  flux  has  a  dramatic  effect  on 
the  quality  of  layers  and  interfaces.  An  Auger  depth  profile 
of  a  300-s  growth  of  CdTe  using  Cd-enhanced  flux  condi¬ 
tions  (JCd  / JTk  —  3 )  is  shown  in  Fig.  2(a).  The  (2x2)  I  nSb 
RHEED  pattern  converted  to  a  streaked  (2x1)  pattern  im¬ 
mediately  after  CdTe  growth  was  initiated.  The  depth  pro¬ 
files  show  that  the  interfacial  width  for  this  sample  is  as 
abrupt  as  that  grown  under  stoichiometric  flux  conditions  at 
T,  =  200  °C  To  establish  that  the  high-quality  epitaxy  of 
thin  CdTe  layers  grown  at  elevated  temperatures  is  due  to 
the  enhanced  Cd  flux  and  not  to  the  total  Cd  flux  or  growth 
rate,  the  temperature  of  the  CdTe  cell  was  set  to  give  a  Cd 
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and  l  min  for  growth  rates  of0.2, 0.4,  and  0.7/tm/h,  respec¬ 
tively.  Auger  analysis  reveals  that  the  degree  of  intermixing 
is  independent  of  but  dependent  on  the  InSb  growth 
rate,  with  the  highest  growth  rate  resulting  in  the  least  inter¬ 
mixing.  The  decrease  in  In  and  Sb  in  the  CdTe  underlayer  as 
the  InSb  growth  rate  is  increased  is  evident  in  Fig.  3.  For  all 
growth  rates,  however,  In  and  Sb  are  present  throughout  the 
400-A  CdTe  layer  leading  to  a  deterioration  and  broadening 
of  the  initial  (CdTe  on  InSb)  interface.  To  prevent  this 
broadening  of  the  initial  interface,  an  800-A  CdTe  layer  was 
grown.  The  depth  profile  of  this  structure,  grown  with  our 
maximum  InSb  growth  rate  of  0.7//m/h,  is  shown  in  Fig.  4. 
There  is  a  distinct  asymmetry  between  the  first  and  second 
interfaces.  Growth  of  the  InSb  epilayer  has  induced  a  Cd  loss 
resulting  in  an  In-  and  Te-rich  interfacial  region  and  incor¬ 
poration  of  In  and  Sb  throughout  the  CdTe  layer.  In  a  sepa¬ 
rate  study,  small  shifts  in  energy  and  shape  of  Auger  peaks 


FIG.  2.  Auger  depth  profiles  of  300-s  growths  of  CdTe  on  InSb  hotnoepiux- 
ial  layers  with  substrate  temperature  of300*C  for  (a)  =  land  (b) 

JC4 //T,  =  I,  with  CdTe  flux  adjusted  to  give  a  Cd  component  equal  to  the 
totaled  flux  in  (a). 


component  equal  to  the  total  Cd  flux  used  during  the  Cd- 
enhanced  growth.  An  Auger  depth  profile  of  a  300-s  growth 
of  CdTe  at  T,  =  300  *C  with  //T,  =  1  and  total  flux  of 
7.2  X  10'4  atoms/cmVs  (corresponding  to  a  growth  rate  of 
1.5  /xm/h)  is  shown  in  Fig.  2(b).  Again,  the  layer  formed  is 
rich  in  In  and  Te  with  severely  degraded  interfacial  quality. 

The  ability  to  grow  thin  layers  of  CdTe  on  InSb  at  T, 
=  300  *C  made  it  possible  to  study  the  subsequent  growth  of 
InSb  on  these  layers.  Layer  and  interface  quality  of  the  films 
grown  was  examined  as  a  function  of  the  InSb  growth  rate 
and  Sb/In  flux  ratio.  Epitaxy  of  InSb  on  CdTe  epilayers  was 
not  achieved  for  growth  rates  less  than  C  1 5  ^m/h  for 
J^/Ji n  in  the  range  1. 1-3.5.  Immediately  after  initiation  of 
growth  of  InSb,  the  streaked  (2x1)  CdTe  RHEED  pattern 
became  spotty,  an  indication  of  three-dimensional  nuclea- 
tion.  This  spotted  pattern  remained  unchanged  throughout 
the  growth  period.  Auger  depth  analysis  revealed  complete 
degradation  of  the  400-A  CdTe  underlayer  with  severe  inter¬ 
mixing  throughout.  For  growth  rates  of0.2/im/h  or  higher, 
the  (2x1)  CdTE  RHEED  pattern  immediately  became 
spotty,  but  gradually  changed  to  the  (2x2)  Sb-stabilized 
pattern  characteristic  of  homoepitaxial  InSb.  The  time  taken 
for  the  RHEED  pattern  to  evolve  was  approximately  3,  2, 


SPUrTEB  TIME  .MIN  , 

FIG.  3.  Auger  depth  profile  of  an  InSb  epilayer  grown  with  a  substrate 
tempera'ure  of  300  °C  on  a  400-A-thick  CdTe  layer  with  In  and  Sb  fluxes 
corresponding  to  growth  rates  of  (a)  0.7,  (b)  0.4,  and  (c)  0.2  f/m/h. 
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FIG.  4.  Auger  depth  profile  of  an  InSb/CdTe/lnSb  structure  grown  at  a 
substrate  temperature  of  300  *C  with  an  equivalent  growth  rate  for  InSb  of 
0.7/im/h.  The  CdTe  layer  was  grown  to  a  thickness  of  =800  A  under  Cd- 
enhanced  flu*  conditions  »  3). 


for  the  elements  at  each  interface  indicated  similar  electronic 
environments  at  each  interface  and  the  presence  of  excess 
antimony. 

IV.  DISCUSSION 

We  have  shown  that  an  attempt  to  grow  CdTe  on  InSb 
at  Ts  =  300  °C  under  stoichiometric  flux  conditions  results 
in  a  severely  intermixed  and  disordered  layer.  The  use  of  an 
enhanced  Cd  flux  during  growth  has  a  dramatic  effect,  re- 
suiting  in  a  CdTe  layer  which  is  epitaxial  and  an  interface 
which  is  abrupt.  This  suggests  that  the  residence  time  of  Cd 
on  the  InSb  surface  is  less  than  that  of  Te,  resulting  in  a  Cd 
deficiency  at  the  growth  surface  and  allowing  Te  to  react 
with  InSb  to  form  indium  telluride  compounds,  as  suggested 
by 

2  InSb,, ,  4- 3  Te,,,  — In:Te,([|  4-  2  Sb, . 

for  which  the  change  in  enthalpy  AH  is  —  30.9  kcal.  Use  of 
an  enhanced  Cd  flux  clearly  reduces  or  eliminates  the  Cd 
deficiency,  ensuring  that  sufficient  Cd  is  available  on  the 
InSb  growth  surface  to  bond  with  the  incident  Te  and  inhibit 
access  of  Te  to  the  In.  Thus,  perhaps,  the  enhanced  Cd  flux 
need  only  be  applied  during  the  initial  stages  of  growth  to 
allow  nucleation  of  the  CdTe,  after  which  the  growth  can  be 
continued  under  stoichiometric  beam  conditions. 

We  believe  that  our  data  for  growth  at  7",  =  300  °C  of 
CdTe  on  InSb  have  implications  for  growth  at  200  °C.  Com¬ 
parison  of  the  interfacial  width  of  layers  grown  on  InSb  at 
200  °C  with  and  without  enhanced  Cd  flux  indicates  that  an 
enhanced  flux  improves  interfacial  quality  at  this  "typical" 
MBE  growth  temperature.  We  speculate  that  the  formation 
of  In;Te,seen''  in  samples  grown  under  similar  conditions  is 
reduced  or  eliminated  by  use  of  enhanced  Cd  flux  during 
growth.  The  relatively  low  mobilities  reported"'  for  a  2DEG 
at  an  InSb/CdTe  interface  may  result  from  indium  loss  with¬ 
in  the  InSb  due  to  indium  telluride  compound  formation  at 
the  interface.  Samples  have  been  grown  at  T,  =  200  *C  using 
an  enhanced  Cd  flux  and  magnetotransport  measurements 


are  in  progress  to  assess  the  2DEG  transport  characteristics. 
It  would  be  of  interest  to  extend  our  growth  studies  to  in¬ 
clude  higher  values  of  /cd  /-/Te .  The  ability  to  grow  CdTe 
layers  on  InSb  at  200  *C  with  Jcd/JT*  —  3  clearly  suggests 
that  higher  flux  ratios  could  be  beneficial  at  higher  growth 
temperatures. 

For  the  growth  of  InSb  on  CdTe,  the  dependence  of 
interfacial  abruptness  and  epitaxy  on  the  InSb  growth  rate 
suggests  a  competitive  process  between  the  intermixing  and 
deterioration  in  the  CdTe  and  the  nucleation  and  growth  of 
InSb.  It  is  possible  that  broadening  of  the  interface  profile  is 
caused  by  nonuniform  sputtering  of  the  InSb;  however,  the 
observed  Cd  deficiency  indicates  that  deterioration  of  the 
CdTe  has  occurred  during  the  InSb  growth,  most  likely  due 
to  formation  of  indium  telluride  compounds.  Results  similar 
to  those  in  Fig.  4  have  also  been  obtained  for  a  structure 
grown  at  275  °C,  indicating  that  atomically  abrupt  interfaces 
may  not  be  obtainable  for  values  of  Ts  compatible  with 
growth  of  electrically  active  InSb. 

V.  CONCLUSION 

In  conclusion,  we  have  found  evidence  of  a  strong  chem¬ 
ical  reaction  which  occurs  at  the  CdTe/InSb  interface  dur¬ 
ing  MBE  growth  at  a  substrate  temperature  of  300  °C.  For 
growth  of  CdTe  on  InSb,  we  have  presented  a  technique  for 
suppressing  this  reaction  by  use  of  Cd-enhanced  flux  condi¬ 
tions.  For  growth  of  InSb  on  CdTe  layers  at  a  substrate  tem¬ 
perature  of  300  °C,  we  have  found  that  epitaxy  is  strongly 
dependent  on  the  InSb  growth  rate.  Our  results  extend  the 
substrate  temperature  range  to  225 < T, <300 “C,  within 
which  single-crystal  layers  of  both  CdTe  and  InSb  can  be 
grown  at  a  fixed  substrate  temperature.  We  have  shown  that 
multilayer  growth  is  possible  at  substrate  temperatures  com¬ 
putable  with  electrically  active  InSb.  but  that  thin  period 
(200  A)  InSb/CdTe  structures  for  tunneling  devices  may 
not  be  feasible  due  to  breakdown  of  the  CdTe  barrier.  How¬ 
ever,  the  question  of  whether  the  chemical  profiles  presented 
are  adequate  for  2DEG  or  tunneling  devices  can  be  answered 
only  after  electrical  transport  measurements  have  been 
made. 
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Abstract 

We  repot  studies  of  die  molecular  beam  epitaxial  growth  of  10^63.  The  unique  structure 

with  1 A  nf  tha  Tn  mhlttica  shaft  wtMt, is  rf  fbnriftmantal  inttMt  Bar  mnlaenlftr 

beam  epitaxial  growth  dynamics.  We  show  that  thin  film  (500A-7000A)  single  crystal 
In2Te3  can  be  grown  successfully  on  InSb(100)  homoepitaxial  layers  at  substrate 

temperatures  of 300  -  350°C  and  Te/In  flux  ratios  of  3/2  -  5/2.  Epitaxy  has  been  monitored 
by  reflection  high  energy  electron  diffraction  and  the  stoichiometry  of  die  grown  layers 
assessed  by  Auger  spectroscopy  and  energy  dispersive  X-ray  analysis.  Raman  studies  of 
the  layers  are  presented  and  compared  with  a  bulk  In2Te3  standard.  Crystal  structure  has 

been  determined  by  X-ray  diffraction  using  Weissenburg  and  oscillation  photographs, 
confirming  that  the  layers  have  a  f.c.c.  crystal  structure  with  a  lattice  parameter  of  18.50A. 
in  agreement  with  the  bulk  value.  Bandgap  measurements  have  been  performed 

on  the  layers  by  phosoreffectance.  We  report  a  value  for  the  a-  Ir»2Te3  bandgap  of  1.19  eV 

and  1.3 1  eV  at  300K  and  77K  respectively.  Molecular  beam  epitaxial  growth  of  InSb  and 
CdTe  on  epitaxial  In2Te3  films  for  fabrication  of  InSb/In2Te3/InSb  and  InSb/ 
Ir^TeyCdTe  multilayers  has  been  studied.  Auger  depth  profiling  of  the  resulting  layers 


Introduction 


In  the  come  of  a  study  into  the  molecular  beam  epitaxial  growth  (MBE)  of  InSb/CdTe 
multilayefs  and  superiattices,  it  has  been  found^  that  there  is  a  strong  chemical  reaction  at 
the  InSWCdTe  interface  during  growth  at  substrate  temperatures  compatible  with  the 
growth  of  high  structural  and  electronic  quality  of  both  InSb  and  CdTe  (273-300  *C). 

Recent  studies^.O.6  by  soft  X-ray  photoemissioo  and  Raman  spectroscopy  of  the 
heterojunction  formed  from  die  MBE  growth  of  CdTe  on  InSb  under  stoichiometric  flux 
conditions  and  growth  temperatures  of 200-300®C  reveal  that  the  InSb  and  CdTe  react  to 
form  a  complex  interface  identified  to  consist  predominantly  of  ItqT^  and  demental  Sb. 

In2Tc3  is  a  defect  zinc  blende  type  semiconductor  with  a  bandgap  of  approximately  1  eV. 
lying  between  that  of  InSb  (Eg-0.18eV)  and  CdTe  (Es>1.44eV).  Thermodynamic 
considerations  of  die  stability  of  In2Te3  with  respect  to  InSb  and  CdTe^.8  led  us  to 
examine  die  possibility  of  MBE  growth  of  In2Te3  for  use  as  a  barrier  between  the  CdTe 

and  InSb  to  facilitate  fabrication  of  InSb/CdTe  multilayers,  and  the  interesting  possibility  of 
exploiting  the  large  difference  in  badgaps  between  InSb  and  In2Te3  to  grow  InSb/In2Te3 

multilayers  for  novel  quantum  well  structures. 

In  this  paper  we  present  results  of  the  study  of  the  MBE  growth  of  In2Te3  and 
characterization  of  the  grown  layers.  We  show  that  thin  film  single  crystal  In2Te3  can  be 

grown  on  InSb  (100)  homoepitaxial  layers.  Reflection  high-energy  electron  diffraction 
(RHEED)  was  used  to  monitor  growth  of  the  In2Te3f  and  stoichiometry  of  the  grown 

layers  was  assessed  by  Auger  spectroscopy  and  energy  dispersive  X-ray  analysis.  Raman 


spect^wccgyof  thelB2Te3  MBB  grown  layre  was  compared  with  a  bulk  sample  to 

verify  chanted  compotirion.  The  crystal  structure  of  the  ^2^*03  layers  was  determined  by 

X-ray  diffraction  technique*,  conflicting  a  lex.  structure  with  a  lattice  parameter  of 
l&SOA,  indicating  that  the  MBB  grown  ItqTej  ia  in  the  alpha  phaae  (a-In2Te3)9  where 
the  In  sub!  mice  vecanciea  are  ordered.  The  h«dpp  of  the  Ia2Te3  layer*  has  been 
determined  by  photoreflectance,  yielding  a  value  of  IJeV  at  300K  and  lJleV  at  77K. 
As  a  preliminary  investigation  into  InSb/In2Te  3/CdTe  and  InSb/In2Te3  multilayer 
structures,  we  have  studied  the  MBE  growth  of  InSb  and  CdTe  on  SOOA  thick  I&2Te3 
epilayers.  Auger  depth  profiling  has  been  need  to  examine  dm  layers  and  their  interfaces. 
Results  show  a  severe  intermixing  of  both  the  CdTe  and  InSb  into  the  103X03  layers.  The 
experimental  results  are  supported  by  thermodynamic  considerations  of  dm  InSb-IiQTe3 
interface.  Points  of  interest  are  discussed. 

Experimental 

The  fn2Te3,  InSb  and  CdTe  layers  were  grown  in  a  Varies  360  MBE  system  equipped 
with  a  quadropole  mass  analyzer  and  in  situ  RHEED  and  flux  monitoring  facilities.  Base 
pressure  during  growth  was  below  5X1  O' 10  Torr.  The  InSb(100)  substrates  were  solvent 
cleaned  and  mounted  onto  molybdenum  heating  blocks  using  a  colloidal  suspension  of 
graphite  in  alcohol.  Immediately  before  growth  the  native  oxide  was  removed  from  the 
substrate  suffices  by  heating  at  410  °Cin  an  Sb4  flux.  A  1000 A  InSb  buffer  was  grown 
on  all  substrates  to  ensure  a  consistent  high  quality  InSb  (100)  surface  present  for  the 
growth  of  the  Indium  telluride. 

Separate  effusioo  cells  containing  high  purity  In,  Sb,  CdTe,  Cd  and  Te  were  used  for  the 
growth  of  the  InSb,  CdTe  and  In2Te3  layers.  A  relative  measure  of  the  flux  from  a  given 

^  cell  was  obtained  by  interposing  an  ion  gauge  flux  monitor  into  the  molecular  beam  and 


relating therererend  team  equivalsat  pressure  to  the  cell  temperature,  molecular  weight 
and  iariadon  afficimcy  of  At  beam  species. 

V 

Indian  teUuride  growth  wu  studied  far  substrate  temperatures,  T*  within  the  range 
30Q£T*<350*C  and  To/In  flnx  ratkM  (Jfe^In)  between  1<  JTe^In  <5/2.  The  Te/In  flux 
ratio  range  was  restricted  to  help  avoid  the  possibility  of  growth  of  the  compounds  InTe 
and  Ia2Tes.  Tire  In  ceil  setting  was  kept  constant  throughout.  Growth  rates  were 
estimated  to  be  0.2  pmfhr  as  calculated  from  die  measured  In  flux,  «««»««<"g  a  unity 

iHHrli»|  fiviWMfm  fjpf  riw  Tw 

Following  growth  the  samples  were  analysed  by  Auger  spectroscopy,  and  die  atomic  and 
weight  percentages  of  die  layers  were  assessed  by  energy  dispersive  X-tay  analysis  (EDX) 
using  a  standard  facility  with  an  accelerating  voltage  of  15  KV  and  a  beam  current  of 
approximately  8X10-10  amps.  All  layers  examined  by  EDX  were  -7000A  thick  to  ensure 
there  would  be  no  contributfana  from  die  InSb  substrate  appearing  in  die  EDX  spectre.  A 
sample  of  bulk  102X03  supplied  by  CERAC/FURE  Inc  wu  used  for  standardization 
purposes  far  both  the  Auger  and  EDX  analysis.  Selected  layers  were  farther  characterized 
and  studied  by  Raman  spectroscopy.  X-ray  diffraction  techniques  and  photoreflectance. 
During  the  course  of  our  studies,  it  became  apparent  chat  the  In2^*e3  was  oxidizing  over  a 

period  of  time  when  exposed  to  atmosphere.  To  avoid  oxidation  during  transportation  for 
the  Raman  studies,  a  SOA  Sb  cap  layer  wu  deposited  at  room  temperature  on  the  In2^'e3*  ^ 

has  been  reposted  that  Sb  deposited  under  these  conditions  may  be  either  amorphous  or 
crystalline,  dependant  on  the  substrate  and  thickness^-  RHEED  studies  during  deposition 
of  the  Sb  indicated  that  the  Sb  was  amorphous.  The  Raman  studies  employed  an  Argon 
ion  laaer  as  an  exciting  source  (X— 514.5  nm,  P-40mW)  with  the  spectra  taken  in  a  back 
scattering  geometry.  A  bulk  102X63  sampled  grown  by  the  horizontal  Bridgeman  technique 
at  UC  Cardiff  was  used  as  a  standard  for  comparison.  X-ray  analysis  of  the  layers  used  a 
single  crystal  diffractometer  together  with  Weissenberg  and  oscillation  photographs 


teOfagr11 


a  Gear  Si  detector  and  a 


6328A  Ha-No 


«o  produce  the  atomic  field  modulation.  Measurements  were 


InSb  end  CdTs  were  grown  by  MBE  oa  thin  film  (500A)  lh2Te3  epilaycn  at  300°C  The 
InSb  ead  CdTe  growth,  together  with  the  experimental  details  of  die  Aofer  depth profiling, 
has  bees  described  elsewhere1* 


Remits 

Initiating  growth  of  the  Indium  tclluride  resalted  in  an  immediate  conversion  from  the  Sb 
stabilised  (2X2)  InSb  RHEED  pattern12  to  a  characteristic  streaked  pattern  shown  in 
Figaro  1.  Far  flux  ntfexFxty^In  <3/2  this  pattern  became  spotted  and  eventually  vanished, 

indicative  of  a  disordered  growth,  after  approximately  300 A  growth  for  all  substrate 
temperatures  studied.  Far  growth  with  flux  ratios  Jt^Jiq23/2  and  a  substrate  temperature 

of  30Q*C  the  pattern  remained  streaked  throughout  the  entire  growth.  Growth  at  substrate 
temperatures  greater  than  300*0  required  Tc/ln  flux  ratios  greater  than  3/2  to  preserve  the 
streaked  two-dmxauunnal  growth  pattern. 

Energy  dispersive  X-ray  spectra  of  samples  grown  at  T*  *  300°C  and  flux  ratios, 
Jx^Jln<V2  and  Ixtflln £3/2  (Figure  2,  (a)  and  (b)  respectively)  are  compared  with  the 
spectrum  obtained  from  a  bulk  ln2Te3  reference  standard.  The  spectra  for  layers  grown  at 
300*0  and  flux  ratios  JTe^I were  identical  to  that  obtained  from  the  bulk  In2Te3 
standard,  indicating  that  the  stoichiometry  of  theae  layers  wu  identical  to  that  of  the 
bulk  standard.  Layers  grown  with  flux  ratios  Jt^Jiq<3/2  were  identified  to  be  In  rich. 


teihib^bakiMM.  The  i|;<4caa  obtained  from  samples  frown  it  300°C  with  flux 
ratios  IjJlbg&fl  matched  the  spectrum  obtained  from  tbe  balk  standard.  Samples  grown 
with  flux  ratios  Jte^Io wm  identified  as  In  rich,  correlating  and  supporting  the 
results  obtained  from  the  EDX  studies.  An  Auger  spectrum  from  a  stoichometric  ht2Te3 
layer  is  shown  in  Hg  3.  High  magnification  SEM  imaging  of  the  samples  showed  a  clear 
distinction  between  the  stoichiometric  and  nop-stnichinrnctric  layers.  The  stoichiometric 
layers  had  a  smooth  surface  morphology  whilst  non-stoichiomecic  layers  were  rough  and 
structured  with  island-type  precipitates.  Further  examination  by  EDX  identified  these 

Raman  studies  of  an  1100 A  thick  MBE  layer  grown  under  and  T|>300  °C 

growth  conditions  were  compared  with  the  spectrum  obtained  from  a  bulk  I112TC3  sample. 
Although  the  optical  constants  of  102X53  ate  not  well  documented,  the  penetration  depth  of 
the  laser  light  used  in  the  studies  was  considered  to  be  less  than  1 IOOA,  ensuring  that  there 
would  be  no  contributions  from  the  InSb  buffer  and  substrate  appearing  in  the  Raman 
spectrum.  The  spectra  obtained  for  the  MBE  layer  and  In2Te3  bulk  are  shown  in  Fig. 

4(a)  and  (b)  respectively.  Both  spectra  exhibit  prominent  peaks  labeled  A3.C  and  D  for 
the  Itt2Te3  layer  and  A'3'.C  and  D*  far  the  bulk  material.  The  position  of  these  features 

ate  in  excellent  agreement  Slight  interference  with  A3  sod  C  is  caused  by  an  additional 
background  from  the  amorphous  Sb,  which  has  a  characteristic  broad  band  which  peaks  at 
1S2  cm’1  13.  Additional  features  at  70  cm’1  can  also  be  seen,  although  difficult  to 
separate  from  the  increasing  background  due  to  Rayleigh  scattering  from  a  slightly  rough 
sample  surface.  Whilst  litde  is  known  about  the  Raman  spectrum  of  many  of  the  indium 
wiinririftf,  inTe  has  been  reported**,  and  the  spectrum  differs  substantially  from  Fig.  4(a) 
and(b). 


Rath*  dumcsnizatiou  of  the  MBB  frown  indium  tellurite  and  analysis  of  the  crystal 
structure  wees  obtained  from  X-ray  diffraction.  Wdnenberg  and  oscillation  photographs. 
Fig  3(a)  and  (b)  show  29  diffractometer  traces  of  a  llOOA  thick  In2Te3  layer  grown  oa 
in  InSb(100)  subsoils  for  InSb(200)  and  ZnSb(400)  reflections  respectively.  h^Te^iQOO) 
and  Iii2Te3(lZ00)  reflections  are  observed  in  these  traces  suggesting  that  h^Te3<100> 
lies  along  InSb<100>  direction  with  an  out  of  plane  lattice  parameter  of  18.50  A.  Thii 
lattice  penunetsr  is  in  good  agreement  with  a  value  of  18.486  reposted9  for  balk  In2Te3. 

To  confirm  that  the  periodicity  was  1JL50A  in  the  plane  of  the  epitaxial  film,  Weissenberg 
and  oscillation  photographs  were  taken.  Figure  6  shows  the  oscillation  photographs  of 
It^TeyinSbQOO)  taken  about  (OlT)  oscillation  axis*  First  and  second  layers  oflnSb  are 
observed  with  a  repeat  distance  of  4.58A  (6. 48/^2  A).  Weak  and  medium  intensity  layer* 
are  seen  for  h^Tej.  Zero  to  sixth  layers  are  identifiable  with  a  repeat  distance  of  13.08  A* 

(18J(W2  A).  suggesting  that  the  in  plane  lattice  parameter  of  the  film  is  18J0A.  All  the 
reflections  can  be  indexed  based  on  a  {jcjc.  lattice  with  lattice  parameter  of  18  JOA. 

Photoreflectance  spectra,  measured  in  the  vicinity  of  Eg  are  presented  in  Fig  7.  The  line 
shapes  are  qualitatively  similar  to  those  observed  in  other  semiconductors!  1  with  a  sharp 
oscillation  near  the  transition  energy;  the  broad  feature  below  it  is  most  likely  doe  to 
absorption  modulation  of  the  light  that  is  transmitted  through  the  film  and  reflected  from  the 
InjTeyinSb  interface^  .  The  maximum  in  the  spectrum  is  assumed  to  represent  the 

transition  energy  and  found  to  be  1.19±0.02  eV  and  l.31±0.015  eV,  at  300  and  77K 
respectively. 

The  ability  to  grow  thin  film  In2^e3  made  it  possible  to  study  the  subsequent  growth  of 
InSb  and  CdTe  on  these  layers.  An  Auger  depth  profile  of  a  500Aln2Te3  layer  grown  on 
a  InSb  homoepitaxial  layer  is  shown  in  Fig.  8.  The  interface  is  seen  to  be  abrupt  and 
estimated  to  be  less  than  100 A,  with  no  evidence  of  intermixing  between  the  InSb  and 
In2Te3  layers.  A  800-s  InSb  growth  was  attempted  on  a  500A  In2Te3  layer  with  T**300 


^  and  epmvftime  of  O^Afrmgto*  nominal  growth  of  50QA.  The  RHEED  pattern 
showed  no  change  from  the  cfasracteristic  £02X03  pattern  (Fig.  1)  upon  initiating,  and 

daring  growth  of  the  bSW  The  Anger  depth  profile  of  the  resulting  layer  is  shown  in  Fig. 
9(a).  There  is  no  evidence  of  InSb  layer  growth.  Comparison  with  Fig.  8  indicates  dun 
the  layer  is  In  rich  with  respect  to  Io2Te3  and  the  interface  breeder.  A  300-s  CdTe  growth 
was  attempted  on  a  SOOA  rn^Teg  layer  at  TfSQyc  under  stoichiometric  Am  conditions 
(JCd^Te*1)  ^  nominal  growth  rate  of  1.85 A/a.  The  RHEED  pattern  remained 
unchanged  from  the  102X03  pattern  daring  growth  of  the  CdTe.  The  resulting  Auger  depth 
profile  is  shown  in  Figure  9(b).  No  CdTe  layer  growth  is  evident.  However,  Cd  has 
been  incorporated  through  appmsiinately  400A  of  the  indium  tefluride  layer,  suggesting  die 
formation  of  an  alloy. .  A  similar  CdTe  growth  was  attempted,  with  a  Cd/Te  flux  ratio 
JC^Te“3/l-  The  RHEED  pattern  remeined  unchanged  from  the  102X83  pattern  during 
growth.  The  resulting  profile  is  shown  in  Fig.  9(c).  La  this  otte  the  Cd  has 
uniformly  throughout  the  indium  teiluride  layer.  Initial  analyses  of  the  Auger  data  using 
sensitivity  factors  suggest  that  the  resulting  layer  has  ratios  C±In:Te  of  1:2:4 

Discussion 

We  have  shown  that  single  crystal  In2T*3  can  be  grown  epitaxially  on  InSb(100)  at 
substrate  temperatures  300£TS£350  and  flux  ratios  V2Siy^}\n<5ll.  For  a  given 
growth  temperature,  there  is  a  minimum  Te/In  flux  ratio  required  for  epitaxial  growth  (3/2 
at  300°C),  below  which  the  layers  are  non-epitaxial  and  indium  rich.  The  minimum  Te/In 
flux  ratio  increases  u  the  growth  temperature  is  increased,  suggesting  that  the  ratio  in  the 
Te/In  sticking  coefficients  decrease  with  increasing  growth  temperature. 

The  Weissenberg  and  oscillation  photographs  indicate  that  the  In2Te3  layers  are  in  the  a- 
phase,  where  the  cation  vacancies  are  distributed  uniformly  throughout  the  In  sublattice.  It 


AsriKftWv!,* 


Is  of  fandmremal  fassreet  for  MBB  growth  dynamics  to  ascertain  whether  the  ordered 
vacancy  saws  Is  famed  oo  the  growth  surface  during  epitaxy,  or  If  die  vacancy 
distribution  on  tbe  growth  surface  is  random  and  there  is  a  subsequent  rearrangement  of  the 
fa  sublattice  within  tbe  layer.  A  detailed  analysis  of  tbe  RHEED  pattern  during  growth  may 
help  to  clarify  these  points. 

We  repost  a  value  for  the  bandgap  of  the  a -phase  of  102X63  to  be  1.19±0.02eV  and 

1.31±0.015eV,  at  300  and  T7K,  respectively  as  measured  by  photoreflectance.  As  far  as 
we  are  aware,  this  la  tbe  first  direct  measurement  of  die  band-gap  of  o-Ii^Tej .  A  value 

of  1.12eV  has  been  deduced  from  electrical  measurements1*-  Other  30QK  band  gap  values 
reported  range  from  l.OleV  for  the  ^-phase,  determined  from  absorption  measurements17, 
to  lJeV  determined  from  the  reflectivity1*;  pseudopotential  calculations  yield  a  band  gap 

of  1.3eV  father-phase^. 

We  have  shown  that  an  attempt  to  grow  an  epitaxial  layer  of  either  faSb  or  CdTe  on  fa2Te3 
layers  at  growth  temperatures  compatible  with  faSb/fa2Te3  and  CdTe/In^Te3/InSb 
multilayer  growth  (300*0)  results  in  severe  intermixing  in  the  Iii2Te3  layer  with  no  InSb 

or  GdTe  layer  growth.  RHEED  studies  indicate  that  the  layers  formed  are  crystalline.  For 
faSb  growth  on  JnzTey  Auger  depth  studies  show  fa  incorporation  into  the  In2Te3  layer. 
In  contrast  an  abrupt  interface  is  observed  for  the  growth  of  In2Te3  on  InSb  . 
Consideration  of  the  therandynasucs  of  the  fa2Te3-faSb  interface  can  help  to  explain  the 

heterogeneity  of  die  two  growths.  For  this,  we  ignore  the  fact  the  reactants  may  be 
dimers  or  tmtramm  (te.  Te2,  Sb4> ,  assuming  that  the  molecular  beam  species  degenerate 

into  the  monomer  upon  contact  with  the  growth  surface.  As  such  the  deduced  change  in 
enthalpy  should  only  be  considered  approximate.  For  die  growth  of  In2^>e3  00  kSb  ** 

can  consider  die  following  reaction  where  InandTeare  present  on  an  InSb  surface. 
faSb(,)  +  2Ih(S)+  3Te(g)  — ^  InSb(,)  +  In2Te3(i)  (1) 
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for  which  the  change  in  enthalpy  AH  is -45.8  kcai^O  Our  growth  conditions  were 
careftBy  by  tailoring  ®  ensure  bqTej  formation  rather  than  InTe  or 

InjTe^and  tee  teill  hoc  consider  theseocher possible  reaction*  here.  For  the  growth  of 
InSb  on  102X03  we  consider  In  and  Sb  present  on  an  102X03  surface. 

In2Te3c)  +  I»H.)  +  Sh(i)  — >  InjTe^,,  +  InSl^,)  AH— 7.S20  (2) 

when  the  In  and  Sb  react  id  form  InSh.  However,  if  the  Sb  hate  short  residence  lifetime 
with  respect  to  the  In,  the  growth  surface  any  be  Sbdefideet  and  weriwuld  consider  the 

<jnHwrh»|  mctionf. 


In2Te3(i)>Iii(,) 

SlnTe^, 

AH—  5.820 

(3) 

I“2Te3(l)+4Iti(f) 

3Io2Te(i) 

AH- 11  ^ 

(4) 

For  reactions  (3)  and  (4)  die  elemental  hi  convene  In2T©3  to  InTe  or  ItgTe  respectively. 
The  experimental  results  indicaring  the  inability  to  grow  InSb  on  In2Te3,  with  the 
incorporation  of  la  into  the  1112X03  layer  suggests  that  the  MBB  growth  of  InSb  on  102X03 
may  be  described  by  a  reaction  such  as  (3)  or  (4). 

Whilst  these  thermodynamic  consfaferatioaa  era  non-rigorous,  they  suggest  that  InSb 
growth  may  be  possible  on  hi2Te3  if  sufficient  Sb  is  present  on  the  In2Te3  *ro*d* 
surface  10  bond  with  the  available  In.  Once  InSb  growth  has  been  undated  on  the  103X03, 

the  resulting  interftce  should  be  stable,  since  no  chemical  equation  with  a  negative  change 
in  enthalpy  can  bewrinen  with  InSb  and  InjTe3  as  foe  reactants.  This  thermodynamic 
consideration  is  supported  by  foe  abrupt  interface  observed  for  the  growth  of  In2Te3  on 
InSb  (FlgureS). 

For  CdTe  growth  on  In2Te3  there  is  severe  Cd  interdiffoskm.  Increasing  die  Cd  flux 
results  in  a  uniform  incorporation  of  the  Cd  throughout  the  indium  telluride  layer. 
Prelinrinaiy  Auger  data  suggests  that  foe  layer  so  formed  may  be  a  ternary  alloy  such  as 
CdIn2Te4.  Further  analysis  by  Raman  and  X-ray  will  help  to  clarify  these  points.  The 


readineasof  CdtointstdBffcse  into  the  102^03  key**  supports  the  notion  that  the  interficial 
lay  formed  ifiiifin  fwwtfc  of  CilTn  nn  Tn*?h  muter oonvendoaal  MBB  growth  condhiom 

V 

isconqrtes  andis  unlikely  to  consist  of  merely  a  ttiia  lMyerofb^Tcj  and  elemental  Sb. 

White  these  studies  suggest  that  the  successful  growth  of  IhShfliQTej  and  CdTe/In2Te3 
muUlays  is  unlikely,  the  results  shed  additional  insight  into  die  MBS  growth  of  mixed 
systems.  Recent  studies*  of  the  growth  of  CdTe  on  InSb  have  shown  that  simple 
thermodynamic  considerations^  are  applicable  to  the  MBE  growth  of  this  H-Vtylll-V  mixed 
system.  The  results  presented  in  this  paper  also  suggest  that  simple  thermodynamic 
concepts  can  be  successfully  applied  to  the  MBE  growth  of  a  mixed  IH-V/ni-VI  system. 
We  believe  that  these  thermodynamic  concepts  combined  with  considerations  of  the 
surface  residence  lifetimes  of  the  incident  beam  species  will  prove  10  be  of  fundamental 
importance  in  predicting  and  optimising  growth  conditions  far  the  MBE  of  other  mixed 
multilayer  systems. 
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Figure  1 

Reflection  high  energy  electron  diffraction  pattern  observed  along  £01  f]  azimuth  during 
growth  of  Ih2Te3  with  T^300°C  and  JTe/Jln-  3/2. 

Figure  2 

Energy  dispersive  X-ray  spectra  of 7000A  thick  indium  telluride  layers  grown  by  MBE  at 
a  growth  temperature  of 300TC  and  with  flux  ratios  (a)  Jj^In  <  3/2  and  (b)  JTe^In2  3/2. 
The  spectra  are  compared  widt  the  spectrum  obtained  from  a  Ja£Tt$  bulk  standard. 

Figure  3 

Auger  spectrum  of  MBE  grown  In2Te3  layer. 

Figure  4 

Raman  spectra  (X*314.5nm,  T-80K)  of  (a)  1  100A  thick  In2Te3  layer  capped  with  SOA  of 
Sb.  (b)Ih2Te3  bulk  standard. 

Figure  3 

DifiBractkm  traces  of  UOOA  thick  In2Te3  layer  grown  on  InSb(100)  substrate  for  (a) 
InSb(200)  reflection,  (b)  InSb(400)  reflection. 

Figure  6 

Oscillation  pattern  of  Ih2Te3  /InSb(lOO)  taken  about  (Oil )  oscillation  axis.  All  reflections 
can  be  indexed  based  on  a  f.cx.  lattice  with  lattice  parameter  of  18.50A. 

Figure  7 

Phottreflectance  spectra  of  UQOA 102X03  layer.  The  transition  energy  is  1.19±0.02eV 
and  1.31±0.015eV,  at  300K  and  77K  respectively. 

Figure  8 

Auger  depth  profile  of  50QA  In2Te3  layer  grown  on  an  InSb  homoepitaxial  layer. 

Figure  9 

Auger  depth  profiles  of  the  attempted  growth  at  300°C  of  (a)  InSb ,  (b)  CdTe  with  JQ^Te 
*  1,  (c)  CdTe  with  JGdfllt ■  3,  on  500A  thick  In2Te3  layers.  The  estimated  nominal 
thickness  of  the  InSb  and  CdTe  growths  was  500A. 
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AB9TACT 

The  need  for  a  suitable  low  defect  density,  lattice  matched  substrate  or  substrate/buffer 
combination  for  the  molecular  beam  epitaxial  growth  of  thin  film  (Hg,Cd)Te  has  led  us 
to  examine  the  use  of  (Zn,Cd)Te/CdTe  strained  layer  superlattices.  (Zn,Cd)Te/CdTe 
strained  layer  superlattices  have  been  grown  by  molecular  beam  epitaxy  on 
CdTe(IOO).  InSb(IOO)  and  GaAs(IOO)  substrates  and  substrate/buffer  combinations 
with  period  thicknesses  ranging  from  90A  to  330A  and  with  total  supertaxes 
thicknesses  of  0.8pm  and  1 .6pm.  The  ratio  in  thickness  between  the  (Zn,Cd)Te  and 
CdTe  strained  layers  is  tailored  to  allow  the  in  plane  lattice  parameter  of  the  free 
standing  superlattice  to  match  that  of  Hg0.sCd0.2Te.  The  resulting  structures  have 
been  characterized  by  X-ray  diffraction  techniques.  Multiple  satellite  peaks  are 
observed  indicating  that  these  superlattices  can  be  grown  with  a  high  structural 
quality.  The  structural  quality  is  found  to  be  independent  of  the  superlattice  period  but 
dependent  on  the  originating  substrate. 
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INTIIODUCTIOIP^v 

Them  is  at  present,  a  need  to  product  large  area,  high  quality  (Hg,Cd)Ta  for  tha 
fabrication  of  Infrared  datactora  for  tha  8-1 2pm  region.  In  view  of  tha  high  defect 
content  of  bulk  grown  (Hg,Cd)Te,  there  is  currently  a  great  deal  of  interest  and  effort 
directed  to  tha  production  of  this  alloy  in  thin  film  form  by  Molecular  Beam  Epitaxy 
(MBE). 

One  of  tha  problems  associated  with  the  MBE  of  (Hg,Cd)Te  is  the  current  lack  of  a 
suitable  substrata  material.  Whilst  CdT e  has  the  advantage  of  a  dose  lattice  match  to 
(Hg.Cd)Te  as  well  as  similar  metallurgical  properties,  it  suffers  from  an  unacceptably 
large  defect  concentration1.  Because  of  this  alternative  materials  such  as  GaAs  or 
InSb  are  also  employed  as  substrates.  However,  the  lattice  mismatch  between 
(Hg,Cd)Te  and  these  materials  necessitates  the  growth  of  a  thick  (Zn.Cd)Te  buffer 
layer  to  provide  a  lattice  matched  template. 

This  need  for  a  low  defect  density,  lattice  matched  material  has  led  us  to  examine  the 
use  of  (Zn,Cd)Te/CdTe  strained  layer  superiattices  as  a  possible  improvement  to 
single  (Zn,Cd)Te  epilayer  growth,  by  reducing  the  density  of  dislocations  by  bending 
and  blocking  threading  dislocations  propagated  from  the  substrate  and 
substrate/buffer  interface.  Strained  layer  superiattices  incorporated  in  buffer  layers 
have  been  shown  to  greatly  reduce  the  number  of  dislocations  threading  from  a 
substrate  to  an  overiayer  in  lll-V  systems2.  This  concept  has  yet  to  be  demonstrated  in 
ll-VI  systems.  Whilst  CdTe/ZnTe  strained  layer  superiattices  have  been  grown  and 
reported3.4.5,6  it  is  not  possible,  as  will  be  discused  later,  to  tailor  the  lattice 
parameter  of  the  free  standing  superiattice  to  match  that  of  (Hg.Cd)Te,  and  as  such 
one  must  employ  the  temary/binary  (Zn,Cd)Te/CdTe  strained  layer  superiattice 
structure. 
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To  asotttfwgicieittloitoft  misfit  dWocatiro  (Hg,Cd)Te  epMayer  we  require  that 
the  took*  paraffwfaa  of  the  fro*  standing  supsriattica  match  that  of  Zn0.04Cd0.MTo 
which  is  exactly  lattice  matched  to  Hg0.tCdo.2Te,  whose  composition  is  tuned  to 
include  the  atmospheric  window  at  12.4pm.  in  addition  the  individual  layers  of  the 
superiattice  must  be  kept  below  a  critical  thickness7.®.9,  he  .to  ensure  that  the 
superiattice  is  coherently  strained.  This  critical  thickness  is  a  function  of  the  misfit,  f, 
between  the  lattice  parameters  of  the  individual  layers.  For  the  ZnxCdvxTe/CdTe 
system  f  ■  -0.381  x/aorr*.  where  ac<rr«  is  the  lattice  parameter  of  bulk  CdTe.  For  x 
values  ranging  from  0  to  1,  f  will  vary  from  0  to  6%.  In  order  to  maintain  an  in-plane 
lattice  match  with  Zn0.04Cd0.MTe,  the  ratio  in  the  ZnxCdi.xTe:CdTe  layer  thicknesses 
must  be  tailored  according  to  the  following  relation 

1  ^cdT«l-c<rr«f/(Gcdr«L^  *  azno.04Cdo.MTe  ^orr* 

where  aZno.o4Cdo.MT« is  the  bulk  lattice  parameter  of  Zn0.04Cd0.MTe,  Q  the  shear 
moduli ,  and  L  the  thickness  of  the  respective  ZnxCdi.xTe  and  CdTe  layers. 

From  the  above  relation  we  find  that  if  the  superiattice  were  to  consist  of  a  ZnTe/CdTe 
binary  system  the  ZnTerCdTe  layer  thickness  ratio  would  have  to  be  1 :42,  for  the  in¬ 
plane  lattice  parameter  to  match  that  of  Hg0.sCd0.2Te.  Assuming  that  ZnTe  layers  can 
be  grown  as  thin  as  10A,  the  CdTe  layers  must  be  greater  than  40QA,  far  in  excess  of 
the  critical  thickness  for  this  system1®.  Thus  strained  layer  supertattices  matched  to 
Hg0.sCd0.2Te  must  consist  of  a  (Zn,Cd)Te/CdTe  structure.  Whilst  the  growth  of  a 
ternary  introduces  complications  in  growth,  a  distinct  advantage  of  a  tern  ary/bi  nary 
over  a  binary/binary  system  is  that  the  misfit,  and  thus  the  strain,  can  be  varied 
between  the  composite  materials  of  the  superiattice  while  still  maintaining  the 
required  free  standing  lattice  parameter  by  tailoring  the  layer  thickness  ratio.  In 
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addtion,  IcywtgmMiwitli  tea*  misfit  allow  greater  flexibility  in  the  choice  of  layer 
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thicknes*  sine*  the  critical  thickness  he  increases  as  the  misfit  decreases. 

An  estimate  for  the  critical  thickness  in  these  structures  was  obtained  though 
consideration  of  a  number  of  theoretical  models.  (Van  der  Merwe7*10,  Matthews®.10 
and  Bean0*10).  We  find  that  the  smallest  critical  thickness  as  a  function  of  misfit  is 
predicted  from  the  Van  der  Merwe  energy  balancing  model  (for  misfits  below 
approximately  3.5%).  In  this  study  superiattices  were  grown  with  equal  layer 
thicknesses  of  Zno.osCdo.92Ts/CdTs  and  Zno.1sCdo.94Te/CdTe.  Additional 
Zno.1sCdo.s4Te/CdTe  superiattices  were  grown  with  layer  thickness  ratios  of  1:3,  to 
allow  the  lattice  parameter  of  the  free  standing  supertaxes  to  match  that  of 
Hgo.8Cdo.2Te.  For  our  maximum  misfit  superiattice  (Zno.i8Cdo.s4Te/CdTe)  the  Van  der 
Merwe  model  predicts  a  critical  thickness  of  approximately  250 A.  Thus,  the  maximum 
period  thickness  for  the  Zno.1sCdo.s4Te/CdTe  superiattices  is  therefore  approx  500A 
and  330A  for  the  1 :1  and  1 :3  structures  respectively.  For  consistency  and 
comparative  purposes  no  samples  were  grown  with  period  thicknesses  >  330A. 

In  this  paper  we  present  the  initial  results  of  the  study  of  the  MBE  growth  of 
Zno.1sCdo.84Te/CdTe  and  Zno.osCdo.92Te/CdTe  strained  layer  superiattices  on 
lnSb(t  00),  CdTeO  00),  and  GaAs(10°)  substrates.  A  series  of  superiattices  has  been 
grown  with  period  thicknesses  ranging  from  85A  to  330A  and  with  total  superiattice 
thicknesses  of  0.8pm  and  1.6pm.  The  resuiting  structures  have  been  characterized  by 
X-ray  diffraction  techniques.  Superiattice  quality  is  compared  for  the  various 
substrates,  Zn  compositions  and  layer  thicknesses.  Points  of  interest  are  discussed. 


EXPERIMENTAL*. 

Superlattice  samples  wars  grown  in  a  Vartan  360  MBE  system  equipped  with 
quadrapoie  mass  analyses  and  in  situ  reflection  high  energy  diffraction  (RHEEO)  and 
flux  monitoring  facilities.  Base  pressure  during  growth  was  below  5  x  10  *i°torr.  A 
single  effusion  cell  containing  high  purity  CdTe  was  used  to  provide  a  stoichiometric 
beam  of  Cd  and  Te2'1 1  for  the  growth  of  CdTe  and  was  supplemented  by  an  effusion 
cell  containing  Zn  for  the  growth  of  (Cd,Zn)Te.  Ail  epiiayers  and  superiattices  were 
grown  at  substrate  temperatures  of  270°C.  Calibration  of  the  Zn  cell  setting  against  Zn 
content  for  the  growth  of  the  (Cd,Zn)Te  layers  was  determined  by  growing  a  series  of 
(Cd,Zn)Te  layers  with  various  Zn  cell  settings  and  determining  their  Zn  content  by 
energy  dispersive  X-ray  spectroscopy  and  X-ray  diffraction  analysis. 

Ail  substrates  were  solvent  cleaned,  etched  and  mounted  onto  molydenum  support 
blocks.  The  CdTe(IOO)  substrates  were  heat  treated  at  310°C  to  remove  the  native 
oxide.  A  lOOOA  CdTe  epilayer  was  grown  to  ensure  a  consistent  quality  layer  present 
for  the  growth  of  the  superiattices.  The  InSb(IOO)  substrates  were  heated  at  410°C  in 
an  Sb4  flux  to  remove  the  native  oxide.  Following  this  a  1000A  InSb  buffer  was  grown 
to  ensure  a  consistent  high  quality  InSb(IOO)  starting  surface.  Details  of  the  InSb 
growth  have  been  described  elsewhere12.  The  GaAs(IOO)  substrates  were  heated  to 
610°C  and  held  at  this  temperature  until  the  native  oxide  had  been  desorbed,  as 
indicated  by  RHEED.  To  ensure  the  growth  of  a  (100)  oriented  CdTe  epilayer,  the 
technique  described  by  Kolodziejski  et  al13  was  employed  where  the  CdTe  cell  was 
opened  whilst  the  substrate  was  at  the  elevated  temperature  of  610°C.  The  substrate 
temperature  was  then  dropped  to  the  desired  growth  temperature  of  270°C  and  a 
1000A  CdTe  epilayer  was  grown  prior  to  growth  of  the  superlattice.  Confirmation  of 
(100)  oriented  epitaxy  was  obtained  by  RHEED. 


0 

Foilowingg rawlltth*  sample*  wer*  analyzed  by  X-ray  diffraction  using  a  standard 
single  crystal  dWactomster: 


RESULTS 

The  quality  of  the  multilayers  as  a  function  of  the  period  thickness  was  assessed  by 
growing  a  series  of  Zho.osCdo.92Te/CdTe  superlattices  on  InSb(IOO)  substrates  with 
period  thicknesses  of  85A,  165 A,  210 A  and  330 A.  The  (Zn.Cd)Te.CdTe  layer  thickness 
ratio  was  1 :1  for  these  samples  with  the  total  number  of  periods  in  each  sample 
adjusted  to  maintain  a  constant  superfattice  thickness  of  1.6pm.  Fig.  1  shows  the 
diffraction  spectra  from  three  of  the  supertattices,  with  nominal  period  thicknesses  of 
85A,  165 A  and  220A.  (A  similar  set  of  supertattices  was  grown,  with  a  total  superlattice 
thickness  of  0.8pm.  No  noticeable  difference  in  the  diffraction  spectra  was  observed  for 
the  two  thicknesses).  The  n-+1  and  n«-1  satellite  peaks  are  dearly  resolved  and 
show  a  systematic  increase  in  the  peak  separation  with  decrease  in  period  thickness. 
From  the  separation  of  the  peaks  we  calculate  the  period  thicknesses  to  be  87A, 
165A  and  21 OA,  in  excellent  agreement  with  the  values  estimated  from  growth  rates. 
The  Cu  Kai  and  Kot2  lines  are  dearly  resolved,  indicating  a  high  structural  quality. 
The  decrease  in  the  satellite  intensity  as  the  period  thickness  is  decreased  is  due  to  an 
envelope  modulation14  of  the  peaks;  this  modulation  is  also  responsible  for  the 
extindion  of  satellite  peaks  >  111  in  these  structures.  The  central  peak  of  the  satellites 
(n-0)  is  found  to  lie  at  a  value  corresponding  with  an  average  out-of-piane  lattice 
parameter  for  the  superfattice  equal  to  that  of  Zn0.04Cd0.9eTe,  in  good  agreement  with 
the  intended  growth  structure.  The  spectrum  obtained  from  the  330A  thick  period 
sample  is  shown  in  Fig.  2(b)  and  is  compared  with  the  spectrum  obtained  from  an 
identical  structure  grown  with  Zno.1eCdo.s4Te/CdTe  layers.  The  n»+2  and  n--2  satellite 
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peak*  cai»bstobseiyetH*»  ttm  33QA  parted  samples  due  to  ths  decrease  in  the 
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satetSte  separation*  for  this  thicker  period,  moving  tha  paaka  within  tha  modulating 
envaiopa.  Both  superiattice  spactra  indcata  a  high  quality  structure  as  is  evident  from 
tha  resolution  of  tha  Cu  Koct  and  Kcc2  lines.  Comparing  tha  relativa  positions  of  the 
satellite  peaks  in  tha  two  samples,  one  can  observe  the  general  shift  toward  higher 
angles  for  tha  Zno.1eCdo.e4Ta/CdTe  sample.  The  central  peaks  (n«0)  lie  at  values 
corresponding  with  an  average  out  of  plane  lattice  parameter  equal  to  that  of 
Zno.oeCdo.eeTa  and  Zn0.0eCd0.e2Ta  for  tha  Zn0.0eCd0.e2Te/CdTe  and 
Zno.ieCdoj4Te/CdTa  superlattices  respectively. 

Tha  spectra  obtained  from  330A  period  Zn0.0sCd0.e2Te/CdTe  supertattices  with 
(Zn,Cd)Te/CdTe  layer  thickness  ratio  of  1:1  and  total  superiattice  thickness  of  0.8pm 
grown  on  InSb(IOO)  and  CdTe(IOO)  substrates  are  shown  in  Fig.  3.  The  spectra  are 
similar,  with  the  central  peaks  lying  at  a  value  corresponding  with  an  average  out-of- 
plane  lattice  parameter  for  the  superiattice  equal  to  that  of  Zno.04Cdo.eeTe.  The  n«0,  Cu 
Kai  peak  present  as  a  shoulder  on  the  lnSb(400)  Ka2  peak,  is  not  resolved  for  the 

superiattice  grown  on  CdTe.  The  spectra  obtained  from  an  identical  structure  grown 
on  GaAs(IOO)  is  shown  in  Fig.  4.  The  spectra  are  broad  with  no  evidence  of  satellite 
peaks,  indicating  a  highly  disordered  structure.  Although  excellent  streaked  RHEEO 
patterns  characteristic  of  a  (2X1)  reconstruction  were  observed  during  growth,  a  high 
density  of  dislocations  was  evident  in  cross-sectional  transmission  electron 
micrographs^ 5  of  similar  samples  grown  in  our  laboratory.  This  is  almost  certainly  a 
result  of  the  14%  lattice  mismatch  between  the  (Zn.Cd)Te  and  GaAs. 

Fig.5(a)  and  (b)  show  the  spectra  obtained  for  Zno.1eCdo.a4Te/CdTe  supertattices 
grown  on  InSb(IOO)  and  CdTe(IOO)  substrates  respectively  with  a  total  thickness  of 
1.6pm.  The  Zno.1eCdo.84Te.CdTe  layer  thickness  ratio  was  1:3  with  a  total  period 
thickness  of  330A  (85A/250A).  The  superiattice  grown  on  InSb  shows  multiple 
satellite  peaks  from  n«-1  to  n«+5  with  dear  resolution  of  the  Cu  Kai  and  Ka2  lines. 
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indteattveio*  aNgfe  atiuduni  quality.  Tha  (Zn,Cd)Te/CdTe  1 a  layar  thickness  ratio 
results  it*  tha  satoM  peak  intensity  asymmetry  about  n-0  as  a  raauit  of  tha  summed 
modulation  of  tha  two  envelope  functions  arising  from  tha  (Zn,Cd)Ts  and  CdTs  layers. 
This  envelope  is  broadened  as  a  result  of  tha  thin  85A  (Zn,Cd)T*  layer,  allowing  us  to 
observe  the  higher  otder(+)  satellite  peaks.  The  superlattice  grown  on  CdTe  has  a 
very  poor  diffraction  spectrum,  with  ill  defined  and  low  intensity  satellite  peaks 
indicating  a  poor  superlattice  structure.  This  result  was  confirmed  by  repeating  the 
superlattice  growth  on  another  CdTe  substrate.  An  identical  spectrum  was  obtained  to 
that  show  in  Fig.  5(b). 

To  determine  if  the  superlattice  structures  were  strained,  the  in-plane  lattice  parameter 
of  the  33oA  Zno.1sCdo.s4Te/CdTe  superlattice  grown  on  InSb(IOO)  was  obtained  by 
recording  from  the  (220)  and  (440)  reflections.  This  in-plane  parameter  was  found  to 
match  that  of  the  InSb  substrate,  indicating  that  this  superiattice  is  strained  and 
commensurate  with  the  lnSb(100)  substrate. 

DISCUSSION 

The  superlattices  grown  on  lnSb(100)  are  of  a  high  structural  quality  as  evident  from 
the  resolution  of  the  Cu  Kai  and  Kofe  lines,  with  no  detectable  change  in  the  quality  as 
the  period  thickness  is  decreased  from  330A  to  85A.  There  is  no  indication  of 
structural  differences  for  different  superiattice  thicknesses  (0.8pm  and  1.6pm).  Satellite 
spacing  and  intensity  for  these  samples  are  in  good  qualitative  agreement  with 
kinematic  theory.  Comparison  of  the  330A  period  Zno.osCdo.92Te/CdTe  and 
Zno.1eCdo.s4Te/CdTe  samples  grown  on  InSb(IOO)  indicates  very  little  difference  in 
superiattice  quality.  There  is  no  evidence  that  increased  Zn  content,  and  thus  strain,  is 
detrimental  to  the  superiattice  quality.  There  is  very  good  agreement  between  the 
calculated  and  measured  shift  in  the  relative  position  of  the  satellite  peaks  due  to  the 
increase  in  the  average  Zn  composition  of  the  superiattice.  Comparison  of  superiattice 
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growth  oaCdXefKOJ  and  lnSb<100)  substrates  indfcaiee  that  superiattices  grown  on 
CdTe  are  Msrfotte  those  grown  on  InSb,  probably  a result  of  the  higher  defect  density 
in  CdTe  substrates,  although  non-optimum  preparation  of  tho  CdTa  substrates  cannot 
be  nded  out  Wo  were  not  able  to  grow  thin  (<1.6pm)  high  quality  (Zn,Cd)Te/CdTe 
superlattices  (x<0.16)  on  GaAs(100)  substrates. 

Excellent  quality  Zno.1sCdo.84Ta/CdTa  superlattices  can  bo  grown  on  InSb(IOO). 
Determination  of  the  in  plane  lattice  parameter  for  a  8SA/2S0A  Zn0.10Cd0.s4Te/CdTe 
superlattice  indfcates  that  this  superiattice  is  strained  and  commensurate  with  the 
InSbflOO)  substrate.  Since  this  sample  has  the  maximum  misfit  and  thickest  layers 
(250A)  of  the  samples  studfod,  we  may  conjecture  that  ail  superlattices  in  this  study 
have  individual  layer  thicknesses  below  the  critical  thickness  and  are  therefore 
strained,  although  not  necessarily  commensurate  with  the  respective  substrate. 
Because  the  85A/250A  Zno.1sCdo.s4Te/CdTe  superiattice  is  coherently  strained  the 
entire  superiattice  should  meet  the  critical  thickness  criteria  appropriate  to  an  alloy  of 
the  same  thickness  and  volume  averaged  composition,  Zno.04Cdo.9eTe  in  this  instance. 
Considering  the  mismatch  for  the  Zn0.04Cd0.9sTe/lnSb  system  we  find  that  this 
superiattice  thfckness(1.6pm)  exceeds  the  Van  der  Merwe7*10  and  Matthews  and 
Blakeslee8*10  critical  thickness  models,  but  lies  below  that  predicted  by  People  and 
Bean9*10. 


CONCLUSION 

Superlattices  consisting  of  ZnxCdi.xTe  (x<0.16)  and  CdTe  have  been  grown  by 
molecular  beam  epitaxy  on  CdTe(IOO),  InSb(IOO)  and  GaAs(IOO)  substrates.  Multiple 
satellite  peaks  in  X-ray  diffraction  spectra  indicate  that  these  superlattices  can  be 
grown  with  a  high  structural  quality.  We  find  that  the  quality  is  independent  of  the 


0 


* 

superiattice  perto  tor  ported  threaten  between  65A  and  330A,  but  sonsftivo  to  the 


White  measurement  of  the  in-plane  lattice  parameter  indteates  that  these  superiattice 
are  strained,  it  is  uncertain  if  any  are  free  standing,  and  thus  lattice  matched  to 
Hg0.eCd0.2Te.  For  superiattice  grown  on  InSb  it  appears  that  the  total  superiattice 
thickness  must  be  greater  than  1.6pm  H  the  superiattice  is  to  be  free  standing. 

Further  studies  by  TEM  and  X-ray  topography  will  be  necessary  to  determine  whether 
these  superlattices  are  successful  in  bending  and  blocking  dislocations  and  if  these 
structures  are  superior  to  single  film  Zn0.04Cd0.9eTe  epilayers  for  (Hg,Cd)Te  epilayer 
growth. 
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Figure  1 

Diffraction  scans  from  ths  (400)  reflection  for  Zno.osCdo.92Te/CdTe  superlattices  grown 
on  lnSb(100)  substrates  with  nominal  period  thicknesses  of  85A,  165A  and  220 A.  The 
Zno  osCdagsTe^dT e  layer  thickness  ratio  was  1 :1  with  a  total  superiattice  thickness  of 
1.6pm. 

Figure  2 

Diffraction  scans  from  (400)  reflection  for  (a)  50  period  165A/165A 
Zno.1sCdo.e4Ta/CdTs  superiattice  (b)  50  period  165A/165A  Zno.osCdo.92Te/CdTe 
superiattice. 

Figure  3 

Diffraction  scans  from  (400)  reflection  of  a  25  period  160A/160A  Zno.osCdo.92Te/CdTe 
superiattice  grown  on  (a)  CdTe(lOO),  (b)  InSb(IOO). 

Rgure  4 

Diffration  scan  from  (400)  reflection  of  a  50  period  165A/165A  Zno.oeCdo.92Te/CdTe 
superiattice  grown  on  GaAs(1 00). 

Rgure  5 

Diffration  scan  from  (400)  reflection  of  a  50  period  85A/250A  Zno.1eCdo.s4Te/CdTe 
superiattice  grown  on  (a)  InSb(IOO),  (b)  CdTe(IOO) 
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